Based on the composition of the interdendritic Zr-rich melt in the later stages of solidification of Zr-containing superalloys, a Ni-lOCo-8Cr-4W-13Zr (wt.%) alloy was selected as an interlayer alloy for brazing and transient-liquid-phase (TLP) bonding of single crystal superalloys. All the elements in the interlayer alloy are beneficial to the single crystal suneralloys. Using the above alloy, bonds free of brittle phases in the single crystal superalloy have been obtained by isothermal solidification at 1270°C for 48 hours. In the present work, the microstructural characteristics of the interlayer alloy and the phase relationships in the bond during brazing and TLP processes are reported.
Introduction
Single crystal nickel-base superalloys have been widely used in the manufacture of aeroengine blades. Unfortunately, it is very difficult to fusion-weld this kind of alloy due to their high content of Al, Ti and the refractory elements. However, transient-liquid-phase (TLP) bonding has been successfully utilized in production (1) . It is very important to design a suitable inter-layer alloy which does not contain any deleterious phases and has a melting point lower than that of the base metal. In order to obtain suitable interlayer alloys, a great deal of research has been carried out since the 1960's. B, Si, Mn, Nb and Ti are added to Ni-Cr and Ni-Cr-Co alloys as melting point depressants. The effort has led to Ni-Cr-Si-B alloys to be used for brazing superalloys (2) .
However, B and Si addition should be avoided because these elements are harmful impurity elements in single crystal superalloys.
Zr is a potential melting point depressant in the interlayer alloys which has not been evaluated to date. It is known that the melting temperature range of NigZr which exists at the interdendrites in Zr-containing superalloys is 1140' -1 170°C (3) and the solid solubility of Zr in the eutectic r' is 1 .O at % (4) . Zr addition to superalloys is beneficial for improving the strength, ductility (5) and low cycle fatigue life of directionally solidified superalloys (4). Zr additions are also known to counteract the harmful effects of sulphur (6) and effectively strengthen the Y' phase (7). These factors make Zr a suitable addition element for brazing materials. The objectives of this investigation are to characterize the microstructure of a Zr-bearing interlayer alloy and to determine the effect of Zr on the solidification of bonds during brazing and TLP processes.
Exnerimental
The substrate material is a single crystal superalloys DD3 with [OOl] orientation and its composition is as follows: Ni-5.2Co-8.9 Cr-5.3W-3.1Mo-5.6Al-1.6Ti (wt%). This alloy is strengthened by Y' precipitation of about 60 vol %, but has no eutectic Y +Y' due to the lower content of Ti. Thus the hot-tearing tendency of the alloy is very low. The directionally solidified superalloy DZ3 which is essentially the DD3 alloy containing O.lOZr-O.l4C-O.l lB wt % was used for isothermal solidification tests in order to determine the composition of the melts in the later stages of solidification. For this purpose, the specimens were heated to 1370°C, soaked for 15 minutes, then cooled to 1220°C and held for 15 minutes of isothermal solidification at this temperature before quenching into water. The composition of Zr-rich melts formed at interdendrites during 122O'C isothermal solidification was determined using x-ray energy dispersive analysis (EDAX). The results of this analysis were used to design the Zrbearing interlayer alloy as following: Ni-lOCo-8Cr-4W-13Zr (wt %).
The bonding tests on single crystal superalloys were as follows: (a) a thin (about 50 pm) interlayer alloy was inserted between two pieces of single crystal and held together, (b) the combination specimens were sealed in quartz ampoules evacuated to 1 x 1O-3 Pa and backfilled with high purity Ar to 2 x 104 Pa pressure, and (c) the ampoules with specimens were treated Air-cooling or water-quenching air-cooling air-cooling or furnace cooling according to the schemes listed in Table I . The microstructures of both the interlayer alloy and the bonds were characterized by optical microscopy (OM), transmission electron microscopy (TEM), scanning electron microscopy (SEM), EDAX and X-ray diffraction (XD).
Results and Discussion
Comuosition of the Interlaver Allov
Microstructure of DZ3 alloy after isothermal solidification at 1220°C for 15 minutes is shown in Fig. 1 . The Y dendrites and the pores on the surface of specimen, as pointed out by arrows, are seen in Fig. la . The pores at the interdendrites form due to the flowmg out of the low melting point melts. In the interior of the specimen, the residual liquid which fills the interdendritic capillaries, transforms into the eutectic 7' + NigZr (Fig. lb) . The average composition of the eutectic zones was determined to be Ni-S.OCo-12.1Cr-l.5W-8.8Mo-2.2Al-3.OTi-12.1Zr (wt 96) by EDAX. It can be seen that Zr mainly segregates at interdendrites producing a low melting point melt. The Y dendrites formed in the early stage of solidification may be considered to be joined by the interdendritic Zr-rich melt, therefore, the composition of the melt may be utilized as a basic composition for the interlayer alloy.
Al and Ti diffuse easily into the bonds from the matrix alloy, hence, the interlayer alloy does not contain these elements. However, W which is an important strengthening element for both the Y and the Y' phase, diffuses very slowly and as such must be incorporated into the interlayer alloy. MO, another strengthening element and a slow diffuser is excluded because it segregates at the interdendrites and is a stronger promoter of /J phase formation than W. Moreover, the strengthening role of MO can be provided by adjusting the amount of W in the interlayer alloy. The content of Co and Cr in the interlayer alloy is maintained at the same level as in the cast nickel-base superalloy. The final composition which is based on the above considerations is as follows: Ni-lOCo-8Cr-4W-13Zr.
Microstructure of the Interlayer Alloy
The microstructure of the as-cast interlayer alloy is hypoeutectic and consists of the primary Y and Y + NisZr eutectic, as shown in Fig. 2a . At a higher magnification it is seen that this eutectic consists of Y bars surrounded by the phase NigZr (Fig. 2b) . A TEM study .was undertaken on the as-cast interlayer alloy, and the structure of the NisZr phase was determined to be FCC. Fig. 3a shows the Y phase in a matrix of NisZr phase. specimens. The composition of various phases in the interlayer alloy was determined by EDAX. The results are listed in Table II . It is seen that except for the higher solubility of Co, other elements have very low solubility in the NigZr phase. Microhardness measurement with a SO gram load on NigZr phase in the interlayer alloy gave an average value of 4541 MPa. Despite this higher hardness of the NigZr phase, the interlayer alloy was rather ductile and was not fragmented during hammering. 860 
Bonding of Single Crvstal Sunerallov
The liquidus and solidus temperatures of the single crystal superalloy are 1380" and 131OOC respectively whereas the liquidus temperature of the interlayer alloy is 1220°C. There is a 90°C temperature gap between the solidus of the base alloy and the liquidus of the interlayer alloy, which provides some degree of freedom in the choice of the bonding temperature.
At the beginning, the bonding tests were performed by scheme I ( Table I ). The specimens were heated to 1250°C, soaked for 25 minutes, then furnace-cooled to 123OOC and held for drfferent times of isothermal solidification at this temperature before air-cooling to room temperature. The results showed that it was very difficult to remove the liquid phase in the bond by the isothermal solidification at 1250°C, as shown in Fig. 4 .
In scheme II (Table I) , specimens were heated to 1250°C, held for 25 minutes, then air-cooled to room temperature in order to obtain a brazing bond. Afterwards a 48 hour diffusion treatment at 1140°C, which is lower than the solidus of the interlayer alloy, was applied to homogenize the bond. However, a great deal of the low melting point NigZr phase still existed in the bond after the above treatment. Hence, the isothermal solidification at a higher temperature in scheme IIl was resorted to.
The bond in Fig. 5 was produced in 15 minutes at 127OOC. The light zone is the 'Y solid solution ( Fig. 5a and 5b) . The?'+ NisZr eutectic exists in the centre of this band (Fig. 5b) . The average thickness of this band is 140 p m which is larger than the original gap of about 60 pm width. Chemical reaction of the liquid and the adjacent base metal increases the Zr content at the base metal surface causing it to melt. The local melt back of the mating surfaces decreases the concentration of Zr in the liquid interlayer and enlarges the melted zone. The melt back increases the content of Al and Ti in the bond. Therefore, in the eutectic zone, a fine Y + Y' eutectic (marked B in Fig. 5d ), fine precipitates of 'Y' (marked C in Fig. 5d ) and the NigZr phase are formed after air-cooling. Analysis of the different areas was carried out by EDAX and the results are listed in Table III . It may be seen that the elements Al and Ti are easily replenished at the bond by diffusion from the base metal. The microsegregation in both the base metal and the bond is not removed due to the absence of sufficient time for diffusion. This is a typical brazing microstructure.
The microstructure of the bond after 2 hours at 127OOC and subsequent furnace cooling is presented in Fig. 6 where the melt zone (MZ), the isothermal solidification zone (ISZ) and the eutectic zone (EZ) are marked. The average width of the melt zone is similar to that found in the sample heated for only 15 minutes. This indicates that after about 15 minutes of heating at 1270°C, further melting of the base metal surface ceases and the isothermal solidification process begins because of the continuing diffusion of Zr and Co away from the joint and enrichment of the melt with base metal elements. From metallographic examination of specimens quenched from various temperatures, it was determined that theL + Y + yeutectic reaction occurs at 122OOC and the L + y + NigZr As holding time at 1270°C is increased, the concentration of Zr in the eutectic zone decreases, as a consequence, there is a corresponding decrease in the width of eutectic zone in the bond (Table IV) . After isothermal solidification at 127OOC for 24 hours, a part of the eutectic zone in the bond is filled with the Y + Y eutectic, and the Y + NisZr eutectic becomes a narrow channel (Fig. 7) . After 48 hours no NisZr or eutectic Y' is left and the secondary Y' containing 0.3 wt % Zr is uniformly distributed in the bond (Fig. 8 ). This structure is very similar to that of the base alloy after solid solution treatment (Fig. 9 ). Thus it is clear that TLP bonding of 3. Using this interlayer alloy, brazing bonds can also be obtained by heating above 125OOC for different times. During heating, Zr promotes,the formation of the Y' phase and the NisZr phase in the bond is replaced by the eutectic Y
